Abstract-Arcing effects, such as that due to lightning, on glass fiber reinforced epoxy composite laminate used in aerospace applications, have been studied. Lightning voltage impulses (1.2/50 micro seconds) were applied at breakdown voltage on the specimens and the arc points were inspected nondestructively using an Ultrasonic Propagation Imaging (UPI) system. The data acquired were processed using the Statistically Thresholded Anomaly Mapping (STAM) method. The outcomes depict that the size of lightning penetration damage is proportional to the breakdown voltage and significantly larger than the charring mark at the point of breakdown. Specimens subjected to surface flash-over reconfirms that whereas the arc leaves little or no visual sign on the specimen surface, there may be significant degradation of the material at microscopic scale. Inspection of 3-layer laminates reveals that the arc damage is characterized by larger charred region, exposed glass fibers due to vaporization of epoxy matrix, and delamination. The delamination could happen for the first ply, the third ply, or both at the same time. The size of the delaminations estimated from STAM image was smaller than those estimated using backlight illumination.
I. INTRODUCTION
The rapid conversion of the structural materials of airborne platforms from aluminium-based alloys to various types of composites is a striking development in the aviation industry during the last few years. Glass and carbon fibers were the main components of such materials. These materials are much poorer electrical conductors than metals. Thus, their behaviour under extreme electrical conditions is expected to be markedly different from that of metallic bodies which have been previously used.
The need of air-borne platforms, such as drones with various payloads, to fly even under overcast conditions (e.g. thunderstorm conditions) for various purposes, demands the material of such platforms to be tested under lightning impulses. Such studies are yet to be conducted with regard to a majority of the materials. First such investigation was done by Chia et al. [1] on a wing section of a drone, made of glass fiber-epoxy skins and polystyrene foam core, in 2014. After applying Standard 1.2/50 micro second lightning impulse at 200 kV on the specimen they have tested the material for external and internal damage by a nondestructive detection method specified in previous studies [2] . Their investigation results clearly indicate that further investigation is required to understand the exact nature of damage that may cause by both voltage and current impulses. This study is a follow up to the work done by Chia et al. [1] where the focus is to study the impacts of arcing on the composite materials. Glass fiber-epoxy composite is selected as the study material in this case as well, as it is one of the most widely used materials in the aviation industry at present.
II. MATERIALS AND METHOD

A. Specimen
Specimens used in this study were fabricated in-house from glass fiber reinforced epoxy prepregs (HEXCEL, BMS 8-79 Style 1581 with HexPly F155 resin system), either as 1-layer lamina [(0/90)] or stacked into 3-layer [(0/90)]3 configuration by hand-layup. Curing was done in vacuum bagging at 74 kPa, heated by thermal blanket at a rate of 4℃/min, followed by 90 minutes dwell at 127℃, and cooled to room temperature at 3 ℃ /min. Cured specimens were trimmed to a final dimension of 50 by 50 mm using water-jet cutting.
Each specimen was sandwiched between two copper rods (a rod-rod configuration with the gap was inserted with the specimen). These specimens were then subjected to lightning 
B. Nondestructive Evaluation Method
Specimens were then inspected nondestructively using an Ultrasonic Propagation Imaging (UPI) system [2] . The UPI system generates ultrasonic waves over a two-dimensional rectilinear grid of points on the specimens using a scanning laser, records time samples of the response with one fixedposition sensor, stores all responses as a three-dimensional (3D) spatiotemporal data matrix, and processes the data into images as results. The details are given in the following paragraphs.
Ultrasonic waves were generated through rapid, localized, thermoelastic expansion-contraction at each inspection grid point due to momentary illumination by a custom-made diode-pumped solid-state Nd:YAG (neodymium-doped yttrium aluminium garnet) pulsed laser. The laser wavelength, beam diameter, divergence, and pulse duration were 532 nm, 4 mm, 0.5 m rad, and 40 ns, respectively. Its output energy was optimized to keep the wave generation process within nondestructive, linear elastodynamic regime of the specimen and still produce waves of sufficient amplitude. Each ultrasonic wave propagated away from its respective inspection grid point and dispersed into mixed multimodal ultrasonic waves known as Lamb's waves [3, 4] . This paper adopts the informal convention of referring to these waves as "guided" waves.
All specimens were inspected over a 40 by 40 mm (or 35 by 40 mm) uniform grid with a 0.5 mm pitch in both the horizontal and vertical directions. The two-dimensional grid scanning was realized using a galvanometric scanner at 1 m standoff and a pulse repetition frequency of 8 Hz. Guided wave originating from each grid point was then measured using a broadband, omni-directional piezoelectric sensor, which was fixed at a position of 5 mm above the top-right corner of the inspection area. The signals were then sampled using an oscilloscope without any filtering so that they contain all possible wave modes with as much spectral information as possible. Such broadband signals were desired particularly in this study as effects of lightning strike on the homogeneity of material properties, damage morphology, and frequency response of the waves-damage interaction were not known a priory. Signal at each spatial point was recorded with 512 samples at a sampling rate of 5 MSa/s, resulted in a 3D spatiotemporal data matrix for a complete inspection scan.
The data were then transformed into the wavenumberfrequency domain using a 3D DFT (discrete Fourier transform) according to the concept described in [5] [6] [7] . This process demixed the wave modes into individually distinguishable ones. All of these modes were then filtered out, keeping only background noise and damage-converted, so-called "anomalous", wave modes [8, 9] , and then inverse 3D DFT back to the spatiotemporal domain. The data were then processed using the Statistically Thresholded Anomaly Mapping (STAM) [10] method into peak-to-peak amplitude (Vp-p) for each inspection grid point spatially indexed by (i, j). Rendering all amplitude values into an image hence shows nominal amplitudes corresponding to the background noise at locations without damage, and significant, high amplitudes corresponding to the anomalous waves at locations with damages. The pixel intensity of this STAM image is simply:
Since the amplitude has not been calibrated to reflect the physical property of the lightning damage or the changes of specimen material property, the rendered image shows only the relative amplitude with arbitrary scale and cannot be used to estimate damage size. A statistical damage thresholding algorithm, also described in [10] , was hence adopted to distinguish damages from background noise. The damage threshold was established as
where μ represents the mean amplitude of a purposive sample set that include N percent of population with the lowest amplitude, while σ represents its standard deviation. Such purposive selection criterion ensures the inclusion of samples only from grid locations without damage, hence faithfully representing the background noise as long as the damage size is smaller than N percent of the inspection area.
On the other hand, the use of multiplicative factor of four for σ ensures the truncation of 99.99 percent of noise by the threshold, assuming normal distributed noise. Applying this threshold to the STAM result modifies the image in such a way that all grid locations with amplitude higher than the threshold maintain their values to represent damages; otherwise, reduced to null to represent pristine region. The process could be written as:
III. RESULTS AND DISCUSSION
Inspection results of all specimens are given as photographs (left) and STAM images (right) for side-by-side comparison. The STAM images were rendered with a rainbow colour linear scale, with red representing the most severe damage and violet the threshold. Fig. 1 shows the results for Specimen 1 to 3 over a 40 by 40 mm inspection area. All of them have a charred point visible to the naked eyes caused by a through-thickness arc penetration. The STAM images were processed using a damage threshold calculated using N=50 percent of population. The damage caused by this penetration is clearly visible in respective STAM images with high colour contrast from the plain violet
{ 0 otherwise background. There are some artefacts in the STAM images, most probably caused by specimen surface contamination such as greasy finger prints, subjected to further investigation. Nevertheless, the artefacts do not adversely affect the evaluation of the damage size. The damages could be estimated to have a diameter of 7.1 mm, 7.7 mm, and 9.8 mm, respectively, which is proportional to the breakdown voltage. A red dotted circle having the same diameter and spatial position as the damage was overlaid on the photograph of each specimen. It is easy to notice that the damages are significantly larger than respective charred points, suggesting that arcing damage could be more severe as it seems through visual inspection. Fig. 2 shows results for Specimen 4 over a 35 by 40 mm inspection area. This specimen is distinguished from other specimens because it has a surface flash-over that left a slightly charred, faint brownish region on the specimen surface at the lower right, as well as a through-thickness penetration evident by a relatively showy brownish penetration point near the lower left corner. It is interesting to note that the breakdown voltage for Specimen 4 (18 kV) is higher than those of Specimen 1 to 3 (6 to 16 kV), yet the breakdown caused less charring. This is most probably caused by distribution of energy into wider area for two breakdown sites (penetration and surface flash-over), significantly reducing arcing density and subsequently temperature increment needed to carbonize the specimen. Nevertheless, the damage is not less severe. STAM image in Fig. 2 was processed using a damage threshold with N=10 percent of population. A lower N value was used because the damage size is expected to be comparable with specimen size. It shows a 7.1 mm diameter damage and a wide-area damage correspond to the through-thickness penetration and surface flash-over, respectively. The flash-over damage is larger than the slightly charred region visible in photograph, suggesting that lightning might leave no clue on the specimen surface but in fact microscopically degrade the material. Furthermore, the amplitude of the flash-over damage is generally higher than the penetration damage, indicating that visibility of charring is not proportional to the severity of damage. This finding must be made available to the aerospace community, particularly those in aviation MRO (maintenance, repair, and overhaul) sector, so that a revision of the standard operating procedure in detecting lightning damage, which, according to Mr. Nadzri Hashim, the head of engineering division of a regional airliner, is typically performed based on visual search of charring marks on the surface of an aircraft, could be considered.
The 3-layer Specimen 5 was struck twice at 18 kV, once near the specimen center and once near the upper left corner, as shown in Fig. 3 . The appearance of the damages is significantly different, characterized by a larger charred region, exposed glass fibres due to the vaporisation of epoxy matrix, and delamination, i.e. separation of the first ply of lamina from the rest in the regions enclosed with dotted lines. The delamination could be detected under backlight illumination as regions with lower translucency compared to the pristine region. The specimen was inspected for a 40 by 40 mm area. Damage threshold for the STAM image was calculated with N=10 percent of population. The STAM image shows very high amplitude in the immediate vicinity of the breakdown points but comparatively lower amplitude at the breakdown points. This is most probably because the matrix at the breakdown points was vaporized and the exposed, loosed fibers acted as poor absorber of laser light for ultrasound generation. The delamination damages are also evidenced by the existence of two high-amplitude regions surrounding respective breakdown points. Anyhow, the size of the delaminations shown in STAM image is smaller than those indicated in the photo. The authors suspect that some portion of the delaminated plies maintain good touching contact after arcing, similar to the notorious "kissing bond" damage [11] , which permit propagation of guided waves across the plies without leaving obvious sign of wave-boundary interaction.
The 3-layer Specimen 6 was also struck at 18 kV but the damages are different from Specimen 5. It had a large charred region, exposed glass fibres, and first ply delamination, indicated as damage #1 in Fig. 4 . There was also visual evidence of a third ply delamination, indicated as damage #2. The specimen was inspected for a 40 by 40 mm area with N=10 percent of population for damage threshold calculation. The STAM image clearly shows damage #1 with a matching size and position. The third ply delamination however could not be detected in the STAM image. This is also most probably caused by the free propagation of guided waves across the delamination with good touching contact after arcing, subjected to further investigation.
IV. CONCLUSIONS
This paper describes a preliminary study on the arcing effects, such as that due to lightning, on glass fiber reinforced epoxy composite laminate used in aerospace applications. Lightning voltage impulses (1.2/50 µs) were applied and the specimens were inspected nondestructively using an Ultrasonic Propagation Imaging (UPI) system. The data acquired were processed using the Statistically Thresholded Anomaly Mapping (STAM) method. The results are images which distinguish arcing damages from pristine region of the specimen, whether the damages are visible to naked eyes or not.
Closer look at the results reveals that the size of arc penetration damage is proportional to the breakdown voltage and significantly larger than the charring mark of arc penetration. Observation on another specimen with surface flash-over led to a similar conclusion where arcing might leave little or no clue on the specimen surface but significantly degrade the material at microscopic scale. It is hence imperative to disseminate this alarming finding to the aerospace community so that a revision of the standard operating procedure in detecting and repairing lightning damages based on visual search of charring mark could be considered.
